Surface modification and internal damage of tungsten irradiated with 8 keV Helium (He) ions at 1273 K was observed by the complementary use of a scanning electron microscope (SEM), an atomic force microscope (AFM), and a transmission electron microscope (TEM). It was found that an irradiated surface was roughened by the formation of dense large bulges of 100-200 nm and small ones of a few nm in size. It was also observed that fine He bubbles ranging from a few to 100 nm were formed in the subsurface layer. These results indicate that roughening of a He þ ion irradiated surface at a high temperature results from the formation of bubbles just beneath the surface. Their thermal migration and coalescence under irradiation play an important role in the formation of various sized bubbles.
Introduction
Plasma-facing materials in fusion reactors undergo bombardment from plasma particles such as hydrogen (H) isotopes and helium (He) with energies ranging from some 10 eV to some keV. Effects of the bombardment on surface modification such as sputtering erosion and blistering have been extensively studied, because these phenomena directly affect plasma performance through changing impurity transport and hydrogen recycling. On the other hand, the energized particles also induce internal damage in the subsurface layer of the plasma facing materials and may even degrade their bulk properties. Especially, irradiation from He can cause heavy damage due to the strong interaction with vacancies and their clusters, and so various irradiation effects such as the enhancement of H retention result. 1, 2) Phenomena at rather low temperatures, typically blistering, and their microscopic mechanisms are well understood, but those at high temperatures have not been so well elucidated. The microstructural evolution of tungsten under 1073 K during irradiation with 8 keV He þ ions was recently reported by Iwakiri et al.
3)
Tungsten, due to its low sputtering yield and good thermal properties at high temperatures, is a potential candidate as a plasma-facing material for fusion devices. However, even for tungsten, surface modification and its underlying mechanism at fusion relevant high temperatures, that is above 1073 K, have yet to be studied extensively.
In the present work, the surface modification and correlated internal damage in the sub-surface region of tungsten by irradiation from energized He þ ion at 1273 K were studied microscopically by the complementary use of a scanning electron microscope (SEM), an atomic force microscope (AFM), and a transmission electron microscope (TEM).
Experimental Procedures
The material used in the present work was high purity (99.95%) powder metallurgy W containing 40 wppm Mo, 20 wppm Fe, 15 wppm C and 5 wppm O and N. Samples were rolled down to 0.1 mm thick, cut into disks 3 mm in diameter, mechanically polished with sand papers and then electropolished. The solutions and the condition of the electro polishing used in this study are listed in Table 1 . Samples were annealed at 2273 K for 600 s in a vacuum of approximately 5 Â 10 À4 Pa. Surface roughness estimated by AFM was approximately 1-2 nm. Samples were irradiated with 8 keV He þ ions at 1273 K at up to 1:5 Â 10 22 He þ /m 2 . After the He þ ion irradiation, the surface modification was investigated using SEM (JEOL JSM-5900) and AFM (JEOL JSPM-4210).
To observe the internal damage to the ion irradiated subsurface region by TEM (JEM-2000EX II), the sample was electro-polished from the unirradiated surface (so called back-thinning using Struers TENUPOL-3). The solutions and the condition of the thinning undertaken in this study are listed in Table 2 . Figure 1 shows the depth distributions of the injected ions (apa) and the induced damage (dpa) for 8 keV He þ ions irradiation estimated by the TRIM code. Displacement damage distributes up to approximately 70 nm in depth with a peak at 25 nm. We note that primary damage and injected Fig. 2 . It can be seen that remarkable fine irregularities of approximately 100-200 nm are formed on the irradiated surface. Details of the irregularities are shown in the highresolution AFM micrographs in Fig. 3 . It is clear that the surface is covered by bulges of approximately 100-200 nm and moreover there are dense nano-size projections on the bulges.
Results
To investigate the formation mechanism for the surface irregularities, the internal structure of the sub-surface layer was observed in situ using a TEM equipped with a small ion gun.
4) The development of bubbles is shown in Fig. 4 ; it is remarkable that these bubbles grow and gradually move under the irradiation and become larger by coalescing with each other. As shown in the magnified picture in Fig. 5 (Back-thinning), the structure is sponge-like and rather large bubbles of approximately 100 nm and small bubbles of approximately a few nm coexist.
Discussion
In the present study, the underlying microscopic mechanism of surface roughening from He ion irradiation at high temperatures is the main focus of the investigation. In the case of 8 keV He þ ion irradiation, vacancies and interstitials are formed by displacement damage. Because of the migration energies of interstitials, He and the vacancies in tungsten are 0.054 eV, 5) 0.2 eV 6) and 1.8 eV, 7) respectively, the interstitials and He atoms are highly mobile even at room temperature, while the vacancies become mobile above approximately 700 K. Therefore, migrating He are trapped by the vacancies and form complexes, which subsequently develop as He bubbles. At low temperatures, where vacancies can hardly migrate, He bubbles are formed by the ejecting interstitials due to the very high inner gas pressure. Very dense He bubbles, approximately a few nm in diameter, are formed by this mechanism. It is well known that interbubble fracture due to the elevation of internal gas pressure causes blistering and the following exfoliation by further increasing the fluence. 8) On the other hand, in conditions of a good vacancy supply, for example irradiation at high temperatures above 700 K, where vacancies can easily migrate thermally and thermal vacancies are also available (>0:4{0:5T m , T m : melting point), surface modification is changed drastically, as is described in the previous section; a sponge-like structure of the subsurface region and fine bulges at the surface are formed. A similar phenomenon was reported by Erents et al.
9)
Correlation between surface morphology and internal damage under a high temperature regime is different from that below 700 K. As described above, large and small He 1µ µm bubbles are formed by their migration and subsequent coalescence. The comparable sizes of surface bulges and projections indicate that they are formed by the rather large and nano-size bubbles formed directly underneath as shown in Fig. 6 . The results indicate that the formation of He bubbles directly affects the fine structure of the incident surface of He þ ions. It is expected that such types of surface modification may change surface properties such as thermal conductivity at the surface and the optical reflection coefficient; which are properties important for the first mirror.
Conclusions
In the present work SEM, AFM and TEM observations were performed to clarify correlations between microscopic surface modification and internal damage in tungsten irradiated with He þ ions at 1273 K where the thermal migration of He bubbles is expected to occur under irradiation. It was shown that the internal structures such as large and small bubbles give rise to a wavy and peculiar morphology of the surface. Changes of surface morphology may affects the properties of the material. It is expected that low energy He irradiation at high temperatures affect fuel recycling and the tritium inventory through surface modification. 
